A matrix assisted laser desorption/ionization time-of-flight mass spectrometry platform for quantitatively monitoring enzyme activity and screening enzyme inhibitors has been demonstrated. The described method employs a new matrix of oxidized carbon nanotubes. Compared with the traditional fluorescence approach, this label-free method has the advantage of directly identifying the substrates and products in enzymatic reactions. Moreover, the method could be conveniently carried out with any commercial mass spectrometer without modification. We quantitatively monitored the acetylcholinesterase activity and screened acetylcholinesterase inhibitors with a detection rate of about 3. -6]. They are simple, sensitive, and can be employed in an automated mode and high-throughout format. Nevertheless, the incorporation of fluorescence moiety into the substrate molecules could sometimes affect the enzyme activity. The false positives or false negatives caused by unwanted fluorophore interactions and fluorescencequenching sometimes may occur. As a rapid, sensitive, and direct approach to characterize the analyte qualitatively and quantitatively, mass spectrometry has been utilized to monitor enzyme-catalyzed reactions and to screen enzyme inhibitors. It can effectively complement the traditional fluorescence methods [6 -8]. However the matrix effect and poor quantitative capability of MALDI-TOF-MS, and low throughput of LC-MS have limited their further applications.
F luorescence plate reader is the dominant tool for screening enzyme inhibitor [1] [2] [3] [4] [5] [6] . They are simple, sensitive, and can be employed in an automated mode and high-throughout format. Nevertheless, the incorporation of fluorescence moiety into the substrate molecules could sometimes affect the enzyme activity. The false positives or false negatives caused by unwanted fluorophore interactions and fluorescencequenching sometimes may occur. As a rapid, sensitive, and direct approach to characterize the analyte qualitatively and quantitatively, mass spectrometry has been utilized to monitor enzyme-catalyzed reactions and to screen enzyme inhibitors. It can effectively complement the traditional fluorescence methods [6 -8] . However the matrix effect and poor quantitative capability of MALDI-TOF-MS, and low throughput of LC-MS have limited their further applications.
The platform described here is based on MALDI-TOF-MS with a matrix of oxidized carbon nanotubes. Compared with traditional organic matrices, MALDI-TOF-MS with a matrix of oxidized carbon nanotubes succeeds in eliminating the background in low mass area, and provides results with good reproducibility and accuracy for quantitative analysis [9 -11] . During the desorption/ionization process, carbon nanotubes serve as both the energy receptacle for laser radiation and the energy transporter for desorption/ionization of analytes. The way to use the matrix of oxidized carbon nanotubes is similar to the thin-layer method in conventional MALDI-TOF-MS. The matrix solution of carbon nanotubes was deposited on the sample target to form a thin-layer of carbon nanotubes, and then the analyte solution was added. The employed commercial MTP MALDI target, which is in the microtiter plate format, is an ideal interface that allows transferring samples onto the target with laboratory robots. Therefore, the high-throughput and automated analysis can be easily achieved on commercial instruments. Using this method, acetylcholinesterase-catalyzed reactions were analyzed and potential inhibitors of acetylcholinesterase were screened. The detection rate could be up to 3.3 s per sample.
Experimental

Instrumentation
The mass spectrometry measurements were performed with an Autoflex (Bruker Daltonics, Bremen, Germany) MALDI-TOF-MS. The sample was deposited onto a ground-steel sample target or an AnchorChip (Bruker Daltonics) target with 384 spots, and irradiated with a nitrogen laser at 337 nm with a neutral density filter. The measurements were performed in either positive or negative ionization mode.
All analyses were performed in the automated mode, which was designed to search for an analyte signal from each sample spot by monitoring the signal-to-noise ratio and peak resolution as a function of laser position. The data would be valid when the signal-to-noise ratio and the resolution of evaluated peak exceed the threshold, which is typically set at 3 and 100, respectively. The laser intensity was initially adjusted to and kept at an appropriate level that would be of great benefit to quantitative analysis.
Chemicals and Materials
All reagents were analytical-grade unless mentioned otherwise. Acetylcholinesterase (type VI-S, from an Electrophorus Electrics) and tacrine were purchased from Sigma (St. Louis. MO). Multiwalled carbon nanotubes was kindly offered by Professor Wei F. (Tsinghua University, Beijing, China). Methanol, acetone, and acetonitrile were purchased from Kemiou Chemicals (Tianjin, China). All of the candidates for screening enzyme inhibitors were purchased from J & K Chemicals (Beijing, China). The water used in the experiments was prepared by a Milli-Q system (Millipore, Milford, MA).
Preparation of the Matrix of Carbon Nanotubes
Because of its poor solubility, the raw carbon nanotube is difficult to be deposited onto the target to form a homogeneous layer. Therefore, it should be treated with an oxidization procedure before using it as the matrix. The method of preparation of the oxidized carbon nanotubes has been described in our previous papers [10, 11] .
Preparation of Analyte Solution
The layers of oxidized carbon nanotubes are hydrophilic, and pure organic solvents will spread across on it. Therefore, analytes for direct detection were normally dissolved in water or water/methanol (1:1). Analytes for the screening of enzyme inhibitors were normally dissolved in methanol or water with the concentration of 1.0 mM.
Acetylcholinesterase Assay
Typically, the reaction mixture of acetylcholinesterase (0.225 M), candidate chemicals (20 M) and acetylcholine (10 M) prepared in ammonium bicarbonate buffer (10 mM, pH ϭ 8.0) to a final volume of 100 L was incubated for 30 min at 37°C. Fifty L acetonitrile was then added to the mixture to terminate the reaction. Finally, aliquot of 1 L was deposited onto oxidized carbon nanotubes layer for further MS analysis.
Results and Discussion
Quantitative Analysis in the Automated Mode
Quantitative analysis of low mass compounds by MALDI-TOF-MS with a matrix of carbon nanotubes has been described in detail in our previous papers [10, 11] . Here, quantitatively monitoring of enzyme activity in the automated mode was demonstrated. As a structural analog, chlormequat was chosen as the internal standard for quantitative analysis of acetylcholine and choline. Relative standard deviation of six spots of 10 M acetylcholine (with the internal standard of 5 M) in the automated mode was less than 10%. There was also no significant difference between the results obtained from automated mode and manual mode. Thus, all the latter experiments were performed in the automated mode unless mentioned otherwise. Although the linear relationship of the calibration curve obtained on the AnchorChip target was slightly better than that on the ground-steel target, the ground-steel target was employed in our experiments because the diameter (between 200 to 800 m) of the AnchorChip target is too small to accurately deposit the sample solution by hand. A good linear relationship of calibration curve for acetylcholine was obtained (R 2 Ͼ 0.99), which indicates the accuracy of quantitative analysis in the automated mode.
Using the method of MALDI-TOF-MS with the matrix of carbon nanotubes, the reaction of hydrolyzing acetylcholine to choline catalyzed by acetylcholinesterase in vitro was quantitatively monitored. As shown in Figure 1 , the hydrolyzing reaction is observed through the appearance of choline and disappearance of acetylcholine. Acetylcholine was selected as the target compound to evaluate the reaction quantitatively. Furthermore, the limit of detection could reach 1.0 M (S/N Ͼ 3). Figure 2 shows the kinetic plot of the hydrolysis of acetylcholine catalyzed by acetylcholinesterase. The reaction rate is the fastest at the beginning and then slows down, and the reaction could reach completion within 30 min. When performing kinetic analysis, the average reaction rate within the first 2 min was considered as the initial rate of the reaction, which was obtained in different concentration of substrate ranged from 10 to 80 M. The linear regression equation for the Linewever-Burk is: Y ϭ 125.22 X ϩ 0.5334 (R 2 ϭ 0.9923), and the calculated kinetic parameters are V max ϭ 1.87 M/S and K m ϭ 0.23 mM.
In our experiments, the reaction mixture of acetylcholinesterase, candidate chemicals, and acetylcholine was incubated for 30 min at 37°C, then a terminating agent was added. To terminate the enzyme reaction quickly, a different agent and a different volume of terminating agent were investigated. Acetonitrile and acetone were found to be the appropriate terminating agents that not only can terminate the reaction rapidly but also are compatible with the final MS detection. Acetonitrile was chosen as the terminating agent, and a volume of 50 L was found to be appropriate. Compared with the conventional method, the analyte solution tends to crystallize more homogeneously on the layer of oxidized carbon nanotubes. This facilitated a rapid finding of the sweet spot. Consequently, it speeded up the measurement by locating the laser easily in the automated mode.
The screening of potential acetylcholinesterase inhibitors was performed by monitoring the acetylcholinesterase activity in the presence of candidate compounds. Under optimized condition, acetylcholine is completely hydrolyzed to choline within 30 min. The remaining acetylcholine indicates the inhibition potency of the compound. As shown in Figure 3 , acetylcholine could not be hydrolyzed completely to choline within 30 min because of the inhibition by arsenocholine, malathion, methamidophos, parathion, phorate, and paraquat on acetylcholinesterase. The inhibition rate was determined by the ratio of peak intensity of acetylcholine to chlormequat. In our experiment, chlormequat was used not only as an internal standard for quantitative analysis but also as a standard to evaluate spectrum quality and control the data accumulation in automated mode. Only the data with peak of chlormequat exceeding the threshold can be accepted.
Among the candidate compounds, organophosphors (malathion, parathion, methamidophos, phorate), paraquat, and arsenocholine were identified as acetylcholinesterase inhibitors through the high ratios of the peak intensity of acetylcholine to chlormequat. The identified acetylcholinesterase inhibitors are all previously known except for paraquat and arsenocholine which are identified for the first time in this study. The detailed results are listed in Table 1 . The throughput of the screening assay was ϳ3.3 s per sample, and 190 s for a set of 50 samples with a 20 Hz laser frequency. In our experi- The 34 type of compounds listed as below: 3,4-xylidine, 4-chloroaniline, 2,4-dichloroaniline, 2,4,6-trichloroaniline, 2-nitroso-1-naphthol, 2-naphthol-3,6-disulfonic acid disodium salt, phenyltin trichloride, diphenyltin dichloride, triphenyltin chloride, butyl trichloro tin, dibutyl dichloro tin, tributylchlorostannane, dibutyltin dilaurate, trichloromethylstannane, dimethyltin dichloride, trimethyltin chloride, anthracene, phenanthrene, 9h-fluorene, diphenylolpropane, nonylphenol, octyl phenol, cacodylic acid, methane arsonate, arsenous acid, arsenic acid, arsenobetaine, 2-hydroxy atrazine, desisopropylatrazine, atrazine-desisopropyl-2-hydroxy, desethylatrazine, methyl mercury chloride, diquat dibromide monohydrate, chlormequat chloride. ments, the manual mode of sampling and the minimum volume of the pipette restrict the final volume (Ͼ100 L) of the enzymatic reaction. If a smaller volumedispensing system were employed, the final volume of the enzymatic reaction could be reduced to 10 L or even less to match the high sensitivity and small sampling volume of MALDI-TOF-MS.
Conclusions
A MALDI-TOF-MS platform for screening enzyme inhibitors and quantitatively monitoring enzyme activity has been demonstrated. The method is fast, sensitive, accurate, and simple. Compared with the traditional fluorescence approach, this label-free method offers the advantage of directly identifying the substrates and products of enzymatic reactions. Furthermore, highthroughput screening of enzyme inhibitors or quantitatively measuring of low mass compounds could be conveniently carried out with commercial MALDI-TOF-MS instruments.
